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Edited by Jesus AvilaAbstract The Drosophila planar cell polarity (PCP) gene
prickle has been previously indicated as one of the regulators
of gastrulation in the early embryonic stage. However, the func-
tional role of prickle in the brain in particular is not known. We
ﬁrst indicated that mouse Prickle1 and Prickle2 are continually
expressed in the brain throughout the embryonic stages and are
observed to be speciﬁcally expressed in the postmitotic neurons.
Furthermore, Prickle1 or Prickle2 depletion eﬀectively decreases
the neurite outgrowth levels of mouse neuroblastoma Neuro2a
cells. These results indicate that mouse Prickle1 and Prickle2
possibly regulate positive neurite formation during brain develop-
ment.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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The Drosophila and Xenopus prickle genes [1,2] are members
of a group of tissue polarity genes that includes genes such as
frizzled [3], dishevelled [4], ﬂamingo [5,6] and strabismus [7,8].
These genes are necessary for the establishment of planar cell
polarity (PCP) [1]. The zebraﬁsh prickle gene regulates cell
movement in the early embryonic stages during gastrulation
[9,10], while the Drosophila prickle gene regulates the orienta-
tion of the ommatidial arrangement in the compound eye
and hair orientation in wing cells [11].
Recently, among mammals, prickle genes have been identi-
ﬁed in mouse, and the corresponding proteins are encoded
by the mouse prickle-like 1 and prickle-like 2 (Prickle1 and
Prickle2, respectively) genes [12]. Similar to other PCP pro-
teins, the mouse Prickle proteins are also believed to be in-Abbreviations: CP, cortical plate; IZ, intermediate zone; LIM, speciﬁc
double zinc ﬁnger motif; PCP, planar cell polarity; PCR, polymerase
chain reaction; RT, reverse transcription; siRNA, small interference
RNA; SP, subplate; VZ, ventricular zone
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doi:10.1016/j.febslet.2007.08.075volved in morphogenesis. PCP genes have been shown to be
involved in axon guidance during embryonic stages [13,14].
The presence of Prickle1 and Prickle2 genes in the mouse brain
has been reported during development [15]. However, no infor-
mation is available regarding the involvement of the mouse
Prickle genes in brain function both in the late embryonic
and mature stages. Besides the Drosophila and Xenopus prickle
proteins, the mouse Prickle1 and Prickle2 proteins also have
conserved three cysteine-rich sequences with a double zinc-ﬁn-
ger motif (LIM) domain, which is known to play important
roles in the fundamental biological processes that occur during
embryonic stages [1,16–19]. Recently, candidate functions of
the PCP gene family in the late embryonic stages have been re-
ported. Celsr3 and Frizzled-3 play important roles in axonal
outgrowth and are required for correct targeting in the mouse
brain during the late embryonic stage [13,14], suggesting that
mouse Prickle1 and/or Prickle2, may play important roles in
the mouse brain during these stages.
In the present study, we showed that the mouse Prickle1 and
Prickle2 genes were expressed in the brain during embryonic
stages and that they were speciﬁcally expressed in postmitotic
neurons. We further demonstrated that the mouse Prickle1 and
Prickle2 proteins possibly play important roles in the positive
regulation of neurite outgrowth during brain development.2. Materials and methods
2.1. RNA extracts
Total RNA was prepared from the whole brain, olfactory bulb, cor-
tex, hippocampus, hypothalamus, midbrain, cerebellum, pons, medulla
oblongata, thymus, heart, lung, stomach, liver, spleen, kidney, adrenal
gland, and testis of three male C57BL/6 mice aged 8 weeks and the
uterus and ovary of three female C57BL/6 mice aged 8 weeks (Charles
River Laboratory, Yokohama, Japan) by using Trizol (Invitrogen
Corp., Carlsbad, CA USA) according to the manufacturer’s instruc-
tions. For ontogenetic analysis, the total RNA was extracted from
the whole brain of 24 C57BL/6 mice on embryonic days 10.5, 14.5
and 16.5 (E10.5, E14.5, and E16.5, respectively). All experiments were
performed in accordance with the guidelines for animal experimenta-
tion of Osaka University Medical School and the Physiological Society
of Japan. Eﬀorts were made to minimize the number of animals used
and their suﬀering.2.2. Real-time reverse transcriptase-polymerase chain reaction
Preparation of total RNA from cultured mammalian cells was as de-
scribed [20]. The total RNA extract was reverse transcribed by using
oligo(dT)12–18 primers and SuperScript III RNaseH reverse transcrip-
tase (Invitrogen Corp.) according to the manufacturer’s instructions.
Real-time PCR was performed using an ABI PRISM 7900HTblished by Elsevier B.V. All rights reserved.
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plied Biosystems, Foster, CA, USA). To quantify the expression levels
of Prickle1 and Prickle2, the following primers were used: Prickle1 for-
ward primer, 5 0-TGCTCAGGAGATCCAAGTCC-3 0 (complement of
bases 1856–1875); Prickle1 reverse primer, 5 0-CTCTCTTCAAAGT-
GATACGC-30 (reverse complement of bases 1981–2000); Prickle2 for-
ward primer, 5 0-AGCAGCAAGCTACCAGGACA-3 0 (complement
of bases 2122–2141); Prickle2 reverse primer, 5 0-TTGTCTGAGCGA-
GAACGTCG-3 0 (reverse complement of bases 2242–2261). Ribo-
somal protein L27 (RPL27) forward primer 5 0-TGTGTGGATATC-
CCCTTGGA-3 0 and RPL27 reverse primer 5 0-TAAAAGCGAA-
GCTTCTGGAAA-30 were used as the initial controls. Sybr Green I
ﬂuorescence from the double-stranded PCR products was measured
according to the manufacturer’s instructions (Applied Biosystems).
2.3. In situ hybridization
The partial cDNAs for mouse Prickle1 (nucleotides 977–1640) and
Prickle2 (nucleotides 1222–1851) were ampliﬁed by RT-PCR using
the following primers: partial Prickle1 forward primer, 5 0-GAT-
CCAGAGACTCTCGCAGG-3 0 (complement of bases 977–996);
partial Prickle1 reverse primer, 5 0-GTGATGTTGGACAACGC-3 0
(reverse complement of bases 1624–1640); partial Prickle2 forward
primer, 5 0-TGAACCAGCACAGCCAGCTGC-3 0 (complement of
bases 1223–1242); and partial Prickle2 reverse primer, 5 0-CAC-
CACCTTCAGCAGACAGG-3 0 (reverse complement of bases 1833–
1852). Serial sagittal sections that were 14-lm thick were prepared
and thaw-mounted on Matsunami Adhesive Silane (MAS)-coated
glass slides (Matsunami Glass Ind., Osaka, Japan). The sections were
processed for in situ hybridization as previously described [21].
2.4. Cell culture
Neuro2a cells (IF050081) were obtained from the Human Science
Research Resources Bank (HSRRB, Osaka, Japan). These cells were
maintained in tissue culture dishes (Nalge Nunc, Rochester, NY,
USA) in Dulbecco’s modiﬁed Eagle’s medium (DMEM) (Invitrogen
Corp.) containing 10% heat-inactivated fetal bovine serum (FBS) at
37 C in an atmosphere of 95% air/5% CO2. For the neurite outgrowth
studies, Neuro2a cells (5 · 105 cells) were plated onto poly-L-lysine-
coated 60-mm plastic tissue culture dishes and cultured in DMEM
containing 0.1% bovine serum albumin (BSA). The cells were observed
under a light and ﬂuorescence microscope (model IX71; Olympus, To-
kyo, Japan). Neurite outgrowth was scored by counting the number of
cells that showed >40 lm neurite length (twice the diamer of the cell
body) [22,23].2.5. Knockdown experiment using small interference RNA (siRNA)
Stealth siRNA against mouse Prickle1 (5 0-CACUGGAUACCCGA-
CAACAUGGUUA-3 0), mouse Prickle2 (5 0-CCGCCUACGAUAU-
GUCACAAGUGAU-30), and negative control duplexes (scrambled
siRNA for mouse Prickle1, 5 0-CACAUAGGCCCAACAGUACG-
GUUUA-3 0; and scrambled siRNA for mouse Prickle2, 5 0-CCGCA-
UUAGGUAACUAACUGCCGAU-30) were provided by Invitrogen
Corp. Neuro2a cells were transfected with 100 pM of each siRNA
and scrambled siRNA by using Lipofectamine 2000 (Invitrogen Corp.)
according to the manufacturer’s instructions.2.6. Immunocytochemical procedure
Neuro2a cells were grown on poly-L-lysine-coated four-well cham-
ber dishes at a density of 3 · 104 cells/cm2. The cells were ﬁxed in 4%
paraformaldehyde in 0.1 M PBS, permeabilized, and blocked with
0.02 M PBS containing 0.3% Triton X-100 and 5% BSA for 30 min
at room temperature (RT). In order to detect F-actin, the cells were
incubated with tetramethyl rhodamine isothiocyanate-labeled phalloi-
din (1:500, Invitrogen Corp.) for 1 h at 4 C. Confocal microscopy was
performed using a Carl Zeiss LSM-510 confocal microscope equipped
with 20· objective lenses.2.7. Plasmid construction
Plasmids containing green ﬂuorescent protein (GFP)-fused Prickle1
and Prickle2 were derived from the eukaryotic expression vector
pcDNA3.1 (Invitrogen Corp.). The GFP moiety was ampliﬁed from
pEGFP-C1 (Clontech, Mountain View, CA, USA) by using the follow-
ing primer set: 5 0-GGTACCGCCACCATGGTGAGCAAGGGCGA-GGAGCTG-30 (forward) and 5 0-CTCGAGCTTGTACAGCTCG-
TCCATGCC-3 0 (reverse). The mouse Prickle1 and Prickle2 moieties
were ampliﬁed from a mouse brain cDNA library by using PCR.
Prickle1 and Prickle2 were ampliﬁed using rTaq DNA polymerase
(Takara Bio Inc., Kyoto, Japan) with the following primer set: mouse
Prickle1, 5 0-CTCGAGCCTTTGGAGATGGAACCGAAAATGA-
GC-3 0 (forward) and 5 0-TCTAGATTAAGAAATGATACAGTTTT-
TGCCC-3 0 (reverse); mouse Prickle2, 5 0-CTCGAGGTAACAGT-
GATGCCGCTGGAG-3 0 (forward) and 5 0-TCTAGATTACGAAAT-
GATACAGTTTTTGCTC-3 0 (reverse). The ampliﬁed fragments were
TA cloned into the pGEM-T vector (Promega Corp.).2.8. Western blot analysis
Western blot analysis was performed as previously described [9]. We
used the anti-GFP antibody (1:1000) (Santa Cruz Biotechnology, San-
ta Cruz, CA USA), anti-actin antibody (1:10000) (CHEMICON,
Temecula, CA USA), anti-NeuN antibody (1:1000) (CHEMICON).
Immunodetection was performed using the ECL Western Blotting
Detection System (GE Healthcare) with peroxidase-coupled secondary
antibodies according to the manufacturer’s instructions.3. Results and discussion
3.1. Prickle1 and Prickle2 are expressed in adult mammalian
tissue, particularly abundantly in the brain
No information is available regarding the involvement of
these genes in brain function both in the perinatal and mature
stages. Therefore, in the present study, we ﬁrst attempted to
examine the presence of Prickle genes in the adult mouse brain.
We examined the tissue distribution of Prickle1 and Prickle2
by using real-time RT-PCR analysis. Both Prickle1 and
Prickle2 are expressed widely throughout various organs with
a marked predominance in the brain and lung (Fig. 1A). In the
brain, Prickle1 expression is much higher than Prickle2 expres-
sion (Fig. 1A). Fig. 1B shows the regional distribution of
Prickle1 and Prickle2. Although Prickle1 and Prickle2 are
widely expressed throughout the brain, the levels of their
expressions are not identical. Both Prickle1 and Prickle2
expressions are higher in the cerebral cortex (Co) and hippo-
campus (Hi) than in other brain areas (Fig. 1B). These ﬁndings
show that Prickle1 and Prickle2 play an important role in the
adult brain, particularly in the cerebral cortex and hippo-
campus.3.2. Prickle1 and Prickle2 are involved in neurite extension
during brain development
3.2.1. Prickle1 and Prickle2 play diﬀerent roles in mamma-
lian brain development during the early embryonic stage. In or-
der to elucidate the precise role of Prickle1 and Prickle2 in the
brain, we examined the ontogenetical expression of Prickle1
and Prickle2 in the mouse embryonic brain by using real-time
RT-PCR analysis. Prickle1 is abundantly expressed and its
expression reaches a plateau in the brain at E10.5 (Fig. 1C).
On the other hand, the expression level of Prickle2 in the brain
at E10.5 is relatively low (Fig. 1C). Thereafter, the expression
level of Prickle2 increases gradually as the embryonic stage
advances (Fig. 1C). These results revealed that Prickle1 and
Prickle2 play diﬀerent developmental role in the brain during
the embryonic stages.
3.2.2. Prickle1 and Prickle2 are involved in brain develop-
ment during the late embryonic stages. Since the expression
level of Prickle1 and Prickle2 is high in the cerebral cortex
during the embryonic stages, we attempted to elucidate the
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Fig. 1. Expression of the Prickle1 and Prickle2 genes in various mouse organs. The expressions of the mouse Prickle1 (Pk1) and Prickle2 (Pk2) genes
were compared by real-time RT-PCR analysis. The data are expressed as relative to the level of Prickle1 gene expression in the brain (set at 1.0) and
represented as the mean ± S.E.M. of three independent experiments. The expression of these genes in mouse various organ (A), and various regions
of the adult mouse brain (B). (A) The lanes from left to right are as follows: B, brain; Th, thymus; H, heart; Lu, lung; St, stomach; Li, liver; Sp,
spleen; K, kidney; AG, adrenal gland; Te, testis; U, uterus; and O, ovary. (B) The lanes from left to right are as follows: O, olfactory bulb; Co, cortex;
Hi, hippocampus; Hy, hypothalamus; M, midbrain; Ce, cerebellum; and PM, pons and medulla oblongata. (C) Ontogenetic expression of the
Prickle1 (Pk1) and Prickle2 (Pk2) genes in the mouse brain during the period from E10.5 to E16.5.
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embryonic stages. Therefore, we examined the localization of
these genes in detail in the developmental cerebral cortex dur-
ing the embryonic stages.
At E14.5, which is an intermediate embryonic stage, Prickle1
is strongly expressed in the cortical plate neurons (Fig. 2B and
D), while other developmental cortical areas are devoid of
positive signals for Prickle1. At the same stage, the expression
level of Prickle2 is very low. Weak signals are expressed only in
the cortical plate (Fig. 2C and E). Therefore the present re-
sults, which were obtained using real-time RT-PCR analysis,
demonstrate that at E14.5, Prickle1 and Prickle2 have diﬀering
expression levels in the cerebral cortex (Fig. 1). At E16.5,
which is a late embryonic stage, in addition to the expression
of Prickle1 in the cortical plate, it is also expressed by subplate
cells. The expression level of Prickle1 in the cortical plate is
similar to that observed at E14.5; however, the expression
tended to concentrate in the ventral half of the cortical plate
(Fig. 2G and I). At E16.5, Prickle2 expression in the cortical
plate increased in amount and intensity to spread throughout
the cortical plate (Fig. 2H and J). However, the level of
Prickle2 expression in the subplate is very low. No expression
of both Prickle1 and Prickle2 was identiﬁed in the intermediate
and ventricular zones in all embryonic stages; this result was in
agreement with that of a previous report [15]. These ﬁndingsindicate that both Pricke1 and Prickle2 are expressed by the
postmitotic neurons of the mouse cerebral cortex.
3.2.3. Prickle1 and Prickle2 are involved in neurite extension
during neuronal diﬀerentiation of Neuro2a cells. Previously,
Celsr3 and Frizzled-3, members of the PCP gene family, have
been shown to be involved in axonal outgrowth and are re-
quired for correct targeting in the mouse brain in the late
embryonic stages [13,14]. Therefore, our ﬁndings regarding
Prickle1 and/or Prickle2 suggest a possible regulatory mecha-
nism of axon and/or dendritic development in the brain by
members of the same PCP gene family.
In this study, we used mouse neuroblastoma Neuro2a cells
as a tool for the neuronal diﬀerentiation model [23,24]. In
order to evaluate the functions of Prickle1 and Prickle2
regarding neurite outgrowth, we examined the eﬀect of these
genes on the diﬀerentiation of Prickle1 siRNA- or Prickle2
siRNA-transfected Neuro2a cells. The knockdown of Prickle1
and Prickle2 by siRNAs was conﬁrmed by western blotting
(Fig. 3A and B) and immunohistochemistry (Fig. 3C and D).
Furthermore, the endogenous expressions of Prickle1 or
Prickle2 were clearly downregulated to a greater extent in
the Prickle1 siRNA- or Prickle2 siRNA-transfected Neuro2a
cells than in the scrambled control oligonucleotide-transfected
Neuro2a cells (Prickle1 siRNA, 36.9 ± 8.6%; Prickle2 siRNA,
42.5 ± 2.1%) (Fig. 3E and F).
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and Prickle2 siRNA-transfected groups, no increase in the
number of diﬀerentiated cells was observed when culturing
was performed in normal growth media. However, 12–24 h
after diﬀerentiation, the number of neurite-bearing cells
dramatically decreased in the Prickle1 siRNA- and Prickle2
siRNA-transected groups compared with the scrambled
control oligonucleotide-transfected group (Prickle1 siRNA,
43.8 ± 3.4% (12 h), 38.7 ± 2.3% (24 h); Prickle2 siRNA,
51.3 ± 2.6% (12 h), 48.5 ± 1.4% (24 h)) (Fig. 4A).
Furthermore, we investigated the expression levels of the
neuronal marker protein NeuN in each type of Prickle
siRNA-transfected cells that had undergone diﬀerentiation.
The NeuN expression levels in the Prickle1 siRNA- or Prickle2siRNA-transfected groups were almost same as that in the
groups with neurite formation (Fig. 4B). These ﬁndings indi-
cated that Prickle1 and Prickle2 are possibly involved in the
neurite outgrowth of cortical neurons during the late embry-
onic stages, but not in the physiological processes involved
in the diﬀerentiation.
Recently, members of the PCP family have been shown to be
related to the development of major axon tracts in mammalian
neurons. Mice lacking Celsr3, the mammalian ortholog of ﬂa-
mingo, have defects in the longitudinal axon bundles, for
example, in the internal capsule and anterior commissure
[25]. A similar phenotype is observed in a mutant of Friz-
zled-3, the mammalian ortholog of Drosophila frizzled
[14,26]. Knockdown of Celsr2 resulted in remarkable simpliﬁ-
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Prickle1 and Prickle2 are possibly involved in the neurite out-
growth of the cortical neurons, although the precise mecha-
nism remains obscure.
The present study exhibited an abundant expression of
Prickle1 in the brain throughout embryonic development. Fur-
ther, there was abundant expression of both Prickle1 and
Prickle2 in the adult brain. Elucidating their functional roles
remains the goal of future research.
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